Oxygen sensor prolyl hydroxylases (PHDs) play important roles in the regulation of HIF-a and cell metabolisms. This study was designed to investigate the direct role of PHD2 in high fat-diet (HFD)-induced cardiac dysfunction. In HFD fed mice, PHD2 expression was increased without significant changes in PHD1 and PHD3 levels in the heart. This was accompanied by a significant upregulation of myeloid differentiation factor 88 (MYD88) and NF-kB. To explore the role of PHD2 in HFDinduced cardiac dysfunction, PHD2 conditional knockout mice were fed a HFD for 16 weeks. Intriguingly, knockout of PHD2 significantly reduced MYD88 and NF-kb expression in HFD mouse hearts. Moreover, knockout of PHD2 inhibited TNFa and ICAM-1 expression, and reduced cell apoptosis and macrophage infiltration in HFD mice. This was accompanied by a significant improvement of cardiac function. Most importantly, conditional knockout of PHD2 at late stage in HFD mice significantly improved glucose tolerance and reversed cardiac dysfunction. Our studies demonstrate that PHD2 activity is a critical contributor to the HFD-induced cardiac dysfunction. Inhibition of PHD2 attenuates HFD-induced cardiac dysfunction by a mechanism involving suppression of MYD88/NF-kb pathway and inflammation.
Introduction
Obesity is becoming an epidemic in worldwide due to increasingly sedentary lifestyles, over-nutrition and an escalating aging population. Heart disease is increased by up to ten-fold in people with obesity compared to the general agematched population. Obesity is associated with significantly increased mortality and morbidity due to type 2 diabetes and cardiovascular diseases. Obesity-induced cardiomyopathy is characterized by abnormal cardiac morphology and function, independent of vascular complications. Although obesity is well-known independent risk factors for cardiovascular diseases and cardiomyopathy, the molecular mechanisms that link obesity to cardiac dysfunction and cardiomyopathy are poorly understood.
Hypoxia inducible factor (HIF) is a heterodimeric protein consisting of two subunits: HIF-a (HIF-1a, -2a and -3a) and HIF-b [1] . HIF-a plays a central role in the transcriptional response to changes in oxygen availability. HIF-a stabilization is regulated by the prolyl hydroxylases (PHDs) family, the main oxygen sensors which target HIF-a for ubiquitination and proteasomal degradation [1] [2] [3] . In humans, the PHD family is composed of three different isoforms PHD1, PHD2 and PHD3, all of which requires iron and ascorbate as cofactors [4] . Treatment with PHD inhibitors has been shown to reduce myocardial fibrosis after myocardial infarction in rats. This is accompanied by a significant improvement in cardiac function [5] . Most recent studies also suggest that PHDs play important roles in the regulation of glucose and fatty acid metabolism [6] [7] [8] [9] . Knockout of PHD2 in adipocytes reduces HFD-induced obesity and improves glucose tolerance in a HIF-1a-dependent manner [6] . Moreover, knockout of PHD3 enhances insulin sensitivity in diabetes mellitus by stabilizing HIF-2a [8] . Accumulating evidence suggests that PHDs are responding to stimuli other than oxygen, and HIF-a is not the sole PHDs effector [10] [11] [12] . For example, PHDs have been shown to negatively regulate nuclear factor-kappa B (NF-kb) activity by inhibition of NF-kB kinase-b hydroxylation [10] . Pharmacological inhibition of PHDs suppresses lipopolysaccharide-induced TNFa induction by reducing NFkB transcriptional activity [13] . Activation of NFkb has been shown to be associated with HFD-induced vascular inflammation and diabetic cardiomyopathy [14] [15] [16] [17] [18] . A recent study also indicates a critical role of PHDs in the regulation of innate immunity and inflammation [12] . Nevertheless, the functional role of PHD2 in obesity associated cardiomyopathy has not previously been examined. In particular, it is unclear whether specific blockade of PHD2 could prevent or reverse HFD-induced cardiac dysfunction.
In the present study, we hypothesized that PHD2 activity contributes to HFDinduced cardiomyopathy. Using PHD2 knockout mice fed a HFD, we investigated the effects of PHD2 on the development of cardiomyopathy. We have demonstrated that elevation of PHD2 activity in the heart contributed to HFDinduced cardiac inflammation and dysfunction. The beneficial effects of PHD2 inhibition were through mechanisms involving suppression of MYD88/NF-kb-65 signaling and improvement of glucose tolerance.
Materials and Methods

Ethic Statement
The investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996). The protocol was approved by the Committee on the Ethics of Animal Experiments of the University of Mississippi Medical Center (Protocol ID: 1280). The experimental mice were anesthetized with ketamine.
Animal studies and diet-induced obesity
The C57BL/6J male (wild type, WT) at age of 8 weeks were purchased from the Jackson laboratory (Bar Harbor, ME). The WT mice were placed with either a normal chow diet or a high-fat diet (D12492 60% kcal diet, Research Diets Inc, NJ) for 16 weeks to produce a diet-induced obesity model. f/f -Cre + mice at age of 8 weeks were administrated with tamoxifen (1 mg/day in corn oil, Sigma, MO) for 7 days to deletion PHD2 before fed chow diet or HFD. The deletion of PHD2 gene was confirmed by western blot analysis. Two weeks after tamoxifen administration, the experimental mice were then fed either a normal chow diet or a high-fat diet (D12492 60% kcal diet, Research Diets Inc, NJ) for 16 weeks. Body weight and glucose levels were monitored every 2 to 4 weeks interval [20] .
Western analysis of PHD1-3, HIF-1a, Tie-2, VEGF, Ang-1, Ang-2, TLR4, NFkbp65, MyD88, TNFa, IRAK-4 and ICAM-1 expression
The hearts were harvested and homogenized in lysis buffer for Western blot analysis. Following immunoblotting, the membranes were immunoblotted with VEGF, Ang-2, Tie-2, NFkbp65, ICAM-1, MyD88, IRK-4, TNFa and TLR4 (1:1000, Santa Cruz, CA), PHD1, PHD2, PHD3 and HIF-1a (Novus Bio, CO) and Ang-1 (1:1000, Sigma, MO) antibodies. The membranes were then washed and incubated with a secondary antibody coupled to horseradish peroxidase and densitometric analysis was carried out using image acquisition and analysis software (TINA 2.0). Cardiac hypertrophic gene b-myosin heavy chain (b-MHC) and ANP expression was examined by western blot analysis. Heart tissue sections were stained with H&E (Haematoxylin and Eosin, Sigma, MO). Cardiomyocyte size (area) (40X) was measured by using NIH image analysis.
Myocardial apoptosis and macrophage infiltration
Heart tissue sections were stained with transferase deoxyuridine nick end labeling (TUNEL) following the manufacturer's instructions (Promega, WI). Apoptosis was identified as TUNEL positive cells. The infiltration of macrophage in the heart tissues was assessed by stained with CD11b and CD45 antibodies.
Echocardiography
Transthoracic two-dimensional M-mode echocardiography was performed using a Visual Sonics Vevo 770 Imaging System (Toronto, Canada) equipped with a 707B high frequency linear transducer. Mice were anesthetized using a mixture of isoflurane (1.5%) and oxygen (0.5 L/min). The short-axis imaging was taken as M-mode acquisition for 30 seconds. End-systolic and end-diastolic dimensions, end-systolic and end-diastolic volumes, stroke volume were recorded to calculate the percent fractional shortening (%FS) and ejection fractions (EF%). Data analysis was performed with the use of a customized version of Vevo 770 Analytic Software [21] .
Hemodynamic measurements
The experimental mice were anesthetized with ketamine (100 mg/kg) plus xylazine (15 mg/kg), intubated and artificially ventilated with room air. A 1.4-Fr pressure-conductance catheter (SPR-839, Millar Instrument, TX) was inserted into the left ventricle (LV) to record baseline cardiac hemodynamics of the hearts. Raw conductance volumes were corrected for parallel conductance by the hypertonic saline dilution method [22] .
Glucose tolerance test
After 16 weeks of HFD, the experimental mice were subjected to glucose tolerance test using the procedure described previously [6, 8] . Glucose tolerance test was carried out after a 12 hour fast by intraperitoneal injection with D-glucose (1 mg/ g) in sterile saline. Blood was obtained from experimental mice by tail snip, and blood glucose levels were measured with One Touch SureStep test strips. Glucose levels were expressed as mg/dL.
Statistical analysis
The results were expressed as the mean ¡ SD. Statistical analysis was performed using one way ANOVA followed by Student t-test. Significance was set at P,0.05.
Results
PHD2 expression is enhanced in the hearts of HFD mice
We first examined PHD1-3 expression in the hearts of HFD mice. Mice fed a HFD for 16 weeks led to a significant increase in PHD2 expression when compared to normal chow diet (ND) fed mice (Fig. 1A) . In contrast, HFD fed mice had little effect on the expression of PHD1 and PHD3 in the heart ( Fig. 1B and C) . To further confirm activation of PHD2 in HFD mouse hearts, we examined PHD2 target genes HIF-a and NF-kb p65 expression. The expression of HIF-1a was significantly reduced in the hearts of HFD mice ( Fig. 2A) . Interestingly, NF-kb p65 expression was significantly increased in the hearts of HFD mice (Fig. 2B ).
Since MYD88 has been shown to be involved in NF-kb p65 activation and cardiac hypertrophy [23, 24] , we measured MYD88 expression in HFD fed mice. We found that MYD88 expression was significantly increased in the hearts of HFD mice when compared with ND mice (Fig. 2C ).
Mice fed a HFD leads to an impairment of cardiac function
Next, we examined whether mice fed a HFD for 16 weeks caused cardiac dysfunction. As expected, mice on HFD had an impaired cardiac function and exhibited a significant reduction of ejection fraction (EF%) and ejection shortening (FS%) when compared with mice on ND (Fig. 3A) . Moreover, LVEDD and LVEDV levels were significantly elevated in HFD fed mice compared to ND fed mice (Fig. 3B ). In addition, cardiac hypertrophic marker b-MHC and ANP expression was significantly increased in the hearts of HFD fed mice ( Fig. 3C and D). These results confirmed the development of cardiomyopathy in mice on HFD.
Knockout of PHD2 upregulates HIF-1a and reduces glucose levels in HFD mice
To examine the role of PHD2 in diabetic cardiomyopathy, we used PHD2 knockout mice (PHD2KO) fed a HFD for 16 weeks. PHD2 f/f -Cre + mice at 8 weeks age were administrated with tamoxifen for 7 days to knockout of PHD2 protein.
Consistent with previous study [25] , treatment of PHD2 f/f -Cre + mice with tamoxifen for 7 days led to 50% decrease in PHD2 expression in the heart (Fig. 4A ). This was accompanied by a two-fold increase in HIF-1a expression in the hearts of PHD2KO mice (Fig. 4B ). The PHD2KO mice were then fed a HFD for 16 weeks. Feeding WT-Cre + mice HFD resulted in a gradual increase in body weight growth during 16 weeks of study. Body weight growth was significantly less in PHD2KO mice than WT-Cre + mice on HFD (Fig. 4C) . WT-Cre + mice fed a HFD for 16 weeks resulted in a gradual increase in fasting blood glucose levels. Interestingly, the fasting glucose levels were significantly reduced in PHD2KO mice when compared with WT-Cre + mice on HFD (Fig. 4D) . PHD2 f/2
Cre + mice had little effects on HFD-induced body weight growth and fasting glucose levels ( Fig. 4C and D) .
Knockout of PHD2 attenuates HFD-induced apoptosis and cardiac dysfunction
WT-Cre + mice fed a HFD for 16 weeks led to a gradual decline in cardiac function. The echocardiography analysis showed that the basal levels of ejection fraction (EF%) and fractional shortening (FS%) were significantly reduced in HFD fed WT-Cre + mice when compared with ND fed WT-Cre + mice ( and B). The basal levels of EF (%) and FS (%) were significantly elevated in PHD2KO mice compared with WT-Cre + mice on HFD ( Fig. 5A and B) . Moreover, LVEDD and LVEDV levels were significantly reduced in PHD2KO mice compared to WT-Cre + mice fed a HFD ( Fig. 5C and D) . The changes in dp/ dtmax and dp/dtmin were also significantly improved in PHD2KO mice compared with WT-Cre + mice on HFD (Fig. 5E) . Although the EF% and FS% were increased in HFD fed PHD2 f/2 Cre + mice, these changes did not reach significance. WT-Cre + mice fed HFD for 16 weeks resulted in an increase in apoptosis in the heart. The number of apoptotic cells was dramatic reduced in HFD fed PHD2KO mice when compared with HFD fed WT-Cre + mice (Fig. 5F ). In addition, cardiac hypertrophy markers b-MHC and ANP expression were significantly reduced in the hearts of HFD fed PHD2KO mice ( Fig. 5G and H) . WT-Cre + mice fed HFD for 16 weeks resulted in a significant increase in cardiomyocyte size. Cardiomyocyte size was significantly reduced in HFD fed PHD2KO mice when compared with HFD fed WT-Cre + mice (Fig. 5I) . 5. Knockout of PHD2 does not increase HIF-1a and angiogenic growth factors in the hearts of HFD mice
To explore the potential molecular mechanisms by which knockout of PHD2 attenuated cardiac dysfunction in HFD mice, we examined HIF-1a and its downstream target gene expression. As shown in Fig. 6A , PHD2 expression was significantly reduced in the hearts of HFD fed PHD2KO mice compared to HFD fed WT-Cre + mice (Fig. 6A) . The expression of PHD1 and PHD3 remained unchanged in the hearts of HFD fed PHD2KO mice (Fig. 6B and C) . Furthermore, knockout of PHD2 in mice had little effect on the expression of HIF-1a in the heart (Fig. 6D and E) . In addition, HIF-1a downstream gene VEGF, Ang-1, Ang-2 and Tie-2 expression was not altered in the hearts of HFD fed PHD2KO mice (Fig. 6E). 6. Knockout of PHD2 attenuates NFkb-p65 expression and macrophage infiltration in the hearts of HFD mice
We then examined whether knockout of PHD2 reduced HFD-induced NFkb p65 expression in the heart. Knockout of PHD2 led to a significant decrease in NFkbp65 expression compared with WT-Cre + mice on HFD (Fig. 7A) . TLR4/MYD88 has been shown to have a critical role in NF-kb-mediated cardiac hypertrophy and inflammation. We further examined whether inhibition of PHD2 reduced TLR4/MYD88 expression and inflammation in the hearts of HFD mice. The expression of TLR4 and MyD88 was significantly reduced in the hearts of PHD2KO mice compared with that of WT-Cre + mice ( Fig. 7B and C) . IRAK-4, TNFa and ICAM-1 expression was also significantly suppressed in PHD2KO mice compared to WT-Cre + mice (Fig. 7D , E and F). To examine infiltration of macrophages in the heart tissue, we used immunohistochemical staining for CD11b and CD45. The number of infiltration of macrophages was dramatic less in PHD2KO mice than WT-Cre + mice ( Fig. 7G and H ).
Conditional knockout of PHD2 at late stage in obese mice improves glucose tolerance and reverses impaired cardiac function
To test whether conditional knockout of PHD2 at late stage of obesity could reverse impaired cardiac function, PHD2
f/f -Cre + mice were fed a HFD for 12 weeks to induce obesity and then were administrated with tamoxifen for 7 days to delete PHD2. Glucose tolerance and cardiac function were assessed after 4 weeks of PHD2 deletion. There was no significant difference in the body weight gain between PHD2CKO mice and WT-Cre + mice on ND. Conditional knockout of PHD2 in obese mice resulted in a significant loss of body weight when compared with WT-Cre + obese mice (Fig. 8A) . Glucose tolerance test showed that glucose tolerance was significantly improved in PHD2CKO mice when compared with WT-Cre + mice on ND (Fig. 8B) . Similarly, glucose tolerance was significantly improved in PHD2CKO obese mice compared to WT-Cre + obese mice (Fig. 8C) . As shown in Fig. 8D and E, conditional knockout of PHD2 in obese mice significantly increased EF% and FS% levels compared with WT-Cre + obese mice.
Discussion
In the present study, we have demonstrated that PHD2 activity was a critical contributor to HFD-induced cardiac dysfunction in mice. Our data showed that the PHD2 levels were persistently elevated in the hearts of HFD fed mice. This was 
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Cardiac dp/dt max and dp/dt min levels were significantly improved in PHD2KO + HFD mice compared to WT, Cre Inhibition of PHD2 Attenuates HFD Cardiomyopathy accompanied by a significant upregulation of NF-kb p65 and downregulation of HIF-1a expression. Knockout of PHD2 in mice prevented HFD-induced cardiac dysfunction. Moreover, conditional knockout of PHD2 in obese mice reversed cardiac dysfunction. Mechanistically, knockout of PHD2 led to a significant suppression of myocardial MYD88/NF-kb p65 expression in obese mice. Most intriguingly, conditional knockout of PHD2 at late stage of obesity significantly reduced fasting glucose level and dramatic improved glucose tolerance. Our data suggested inhibition of PHD2 attenuated HFD-induced cardiac dysfunction by a mechanism involving suppression of MYD88/NFkb and improvement of glucose tolerance.
Obesity-associated cardiomyopathy is independent of hypertension and coronary diseases. Although extensive studies have been done, the signaling events and molecular mechanisms by which HFD causes heart dysfunction have not been well understood. To our knowledge, our study was the first to provide direct evidence that elevated PHD2 played a critical role in HFD-mediated cardiac dysfunction. We found that PHD2 expression was significantly increased in the hearts of mice on HFD. Our data also revealed that HIF-1a expression was impaired in HFD fed mice. HIF-1a is the main transcription factor that controls cellular metabolism in the heart. PHD2 has been shown to reduce HIF-1a levels by ubiquitination and proteasomal degradation [1] [2] [3] . Previously we reported that PHD2 levels were elevated in the hearts of obese diabetic db/db mice. We also demonstrated that suppression of PHD2 was associated with reduction of cardiac hypertrophy and fibrosis [26] . So far, the direct links between PHD2 and HFDinduced cardiac dysfunction have not been fully investigated. The present study extended our previous findings and investigated whether knockout of PHD2 prevented HFD-induced cardiomyopathy. Therapeutically, we examined whether conditional knockout of PHD2 rescued impaired cardiac function in obesity. Our data clearly showed that knockout of PHD2 prevented the development of HFDinduced cardiac dysfunction. Moreover, conditional knockout of PHD2 rescued impaired cardiac function at late stage of obesity. HIF-a regulates many metabolic pathways and has a critical role in the regulation of cellular metabolisms. Recent studies highlight the importance of PHD2 in the regulation of glucose and lipid metabolism [6] [7] [8] [9] . Using PHD2 f/faP2-Cre mice, it has been shown that deletion of PHD2 in adipocytes attenuates high-fat diet-induced obesity. Knockout of PHD2 in adipocytes significantly increases HIF-1a and adiponectin expression [6] . Consistent with this study, we also showed that knockout of PHD2 increased HIF-1a expression and reduced HFD-induced obesity. Most interestingly, conditional knockout of PHD2 at late stage of obesity completely reversed glucose tolerance. Taken together, these data suggest that specific inhibition of PHD2 may be a novel target for obesityassociated glucose or insulin resistance. Furthermore, PHD2 inhibition mediated improvements of body weight and glucose tolerance may be attributed, at least in part, to cardiac function enhancement in HFD mice. While we were doing our study, another group reported that activation of HIF-2a in adipocytes resulted in cardiac hypertrophy. This study suggested that elevation of HIF-2a levels in the normal heart was detrimental [27] . However, in obese hearts, the picture was quite different because the expression of HIF-1a was significantly decreased compared to non-obese heart. Therefore, restoration of impaired HIF-1a was protective and beneficial in the obese heart.
Chronic inflammation plays a critical role in promoting diabetes-associated cardiovascular complications [16, 17] . Chronic inflammation is a hallmark of heart failure [28] [29] [30] . Transcription factor NF-kb regulates genes that induce inflammation as well as apoptosis and hypertrophy in cardiomyocytes [31] [32] [33] . NF-kb activity is increased in many heart diseases such as congestive heart failure, myocardial hypertrophy and ischemic reperfusion [34] [35] [36] [37] . Activation of NF-kb is also involved in diabetes-associated oxidative stress, inflammation and endothelial dysfunction [16] [17] [18] . In particular, NF-kb activation in the heart may contribute to diabetic cardiomyopathy. It has been reported that hyperglycemia stimulates myocardial NF-kb activation in diabetic cardiomyopathy [14, 15] . A recent study shows that persistent NF-kB p65 activation promotes pro-inflammatory, profibrotic and pro-apoptotic effects, and exacerbates cardiac hypertrophy and apoptosis in heart failure [32] . Consistent with these findings, we showed that mice fed a HFD increased NF-kb p65 expression in the heart. This was accompanied by a dramatic decline in cardiac function. Moreover, knockout of PHD2 significantly inhibited NF-kb p65 expression together with a dramatic reduction of apoptosis in the hearts of HFD mice. Our data suggest a potential novel PHD2-NF-kb p65 axis in HFD-induced cardiomyopathy. In the present study, we also found that HIF-1a levels were significantly reduced in the hearts of HFD mice. Surprisingly, knockout of PHD2 did not rescue HFD-induced impairment of HIF-1a expression. The data indicate that sustained activation of PHD2 may not contribute to obesity-related reduction of HIF-1a.
Recent studies suggest an involvement of MYD88 in HFD-induced obesity and inflammation [38, 39] . Knockout of MyD88 has been shown to attenuate HFDinduced weight gain and leptin resistance in mice. Deletion of MyD88 further improves HFD-induced impairment of glucose tolerance [38] . MYD88 also has been shown to be involved in HFD-induced inflammation in the liver [39] . Knockout of MYD88 further attenuates cardiac hypertrophy, inflammation and cell apoptosis via inhibition of NF-kb signaling pathway in post-myocardial infarction [24] . Previous studies also show that both pharmacologic and genetic inhibition of MYD88 attenuate cardiac hypertrophy and apoptosis in myocardial infarction and pressure-overload mouse models in a TLR-NF-kb dependent manner [23, 40, 41] . To our knowledge, this study was the first report to demonstrate that MYD88 was significantly upregulated in the hearts of HFD fed mice. Moreover, knockout of PHD2 inhibited MYD88 expression, reduced myocardial apoptosis and macrophage infiltration. This was accompanied by a significant suppression of TNFa and ICAM-1 expression. Our data further highlight a critical role of PHD2 in HFD-induced activation of MYD88-NF-kb signaling and inflammation.
Toll-like receptors (TLR), a family of pattern-recognition receptors, play an important role in the innate immune system. Activation of inflammatory pathways through TLR4 signaling represents a key step in the development of insulin resistance in obesity [17, 18] . Our present data also showed that inhibition of PHD2 suppressed Toll-like receptor-4 (TLR4) expression and their target genes IRAK4, TNFa and ICAM-1 expression. This was accompanied by a dramatic reduction of macrophage infiltration in the hearts of HFD mice. TLR4 has been reported to induce myocardial hypertrophy via activation of MYD88 and NF-kB pathway [23, 42] . TLR is linked to NF-kB activation and upregulation of proinflammatory cytokines such as TNFa [43, 44] . TLR is expressed in many cell types including macrophages, adipocytes and skeletal muscle cells. TLR4 levels were upregulated in the specimen of human heart failure and ischemic hearts [45] [46] [47] . Knockout of TLR4 has been shown to reduce pressure overload-induced cardiac hypertrophy in mice [42] . Activation of TLR4 in adipose tissue has contributed to obesity-induced inflammation and insulin resistance [48] [49] [50] . Moreover, knockout of TLR4 in adipocytes reduced free fatty acid-induced inflammatory cytokines (TNFa and IL-6) production [48] . Our previous study showed that mice fed a HFD significantly increased TLR4 expression in the vascular tissue. Inhibition of NADPH oxidase attenuated TLR4 expression together with a significant improvement of vascular function in HFD fed mice [20] . Taken together, our present study suggests that elevated PHD2 is probably a key mediator which activates TLR4/MYD88/NF-kb/IRAK-4/TNFa/ICAM-1 signaling pathway in the obese heart. In summary, our present study demonstrated that PHD2 was persistently actived in HFD mouse hearts. Inhibition of PHD2 attenuated HFD-induced cardiac dysfunction via suppression of TLR4-MYD88-NFkb pathway and inflammation. Our data suggest that PHD2 is an important mediator of obesityassociated cardiomyopathy and is a promising therapeutic target for obesity and its complications.
